Abstract. The study investigated the formulation effects of laurocapram and iminosulfurane derived penetration modifiers on human stratum corneum using thermal and spectral analyses. Firstly, formulations of penetration modifiers were assessed as enhancers/retardants using the model permeant, diethyl-m-toluamide followed by investigation of their mechanisms of action using differential scanning calorimetry (DSC) and attenuated total reflectance Fourier-transform infra-red spectroscopy. The penetration modifiers investigated were laurocapram, 3-dodecanoyloxazolidin-2-one (N-0915), S,Sdimethyl-N-(4-bromobenzoyl) iminosulfurane (DMBIS), S,S-dimethyl-N-(2-methoxycarbonylbenzenesulfonyl) iminosulfurane (DMMCBI) and tert-butyl 1-dodecyl-2-oxoazepan-3-yl-carbamate (TBDOC) that were formulated in either water, propylene glycol (PG), ethanol or polyethylene glycol 400 (PEG 400). The results explain the mechanism for the first time why an enhancer can become a retardant or vice versa depending upon the vehicle in which it is applied to the skin. DSC indicated that penetration modifier formulations enhanced permeation of active mainly by disruption and fluidization of the stratum corneum lipid bilayers while IR data indicated characteristic blue shifts with decreases in peak intensity. On the other hand, DSC of penetration modifier formulations showing retardation depicted elevated T m2 with a strengthening of lipid-protein complex while IR results indicated formation of multiple peaks around 1,738 cm −1 transition in stratum corneum spectra suggesting retardation may be caused by organization of SC lipids by increased H-bonding.
INTRODUCTION
Stratum corneum (SC) is a complex tissue that provides a barrier to most permeants due to its unique composition and organization of lipids and proteins present within it (1) . In order to modify the barrier properties of the SC, enhancers and retardants have been developed where enhancers act by disrupting the lipid bilayer within the SC and retardants act by strengthening the lipid organization of the SC (2). Up to now, known enhancer molecules were always thought to cause enhancement of the permeant, and retardants were expected to decrease the permeation of the active irrespective of the formulation components.
However, we recently discovered that an enhancer can become a retardant, or vice versa, for a specific permeant (diethyl-m-toluamide, DEET) depending upon the vehicle in which it is applied to the skin (3) . In a previous study, we investigated the effect of five percutaneous penetration modifiers (laurocapram, 3-dodecanoyloxazolidin-2-one (N-0915), S,S-dimethyl-N-(4-bromobenzoyl) iminosulfurane (DMBIS), S,S-dimethyl-N-(2-methoxycarbonylbenzenesulfonyl) iminosulfurane (DMMCBI) and tert-butyl 1-dodecyl-2-oxoazepan-3-yl-carbamate (TBDOC)) on permeation of model permeant DEET. The formulations of the above penetration modifiers were formulated in either water, propylene glycol (PG), ethanol or polyethylene glycol 400 (PEG 400). The penetration modifiers selected were either nitrogen-containing (laurocapram, N-0915, TBDOC) or sulfur-containing (DMBIS, DMMCBI) compounds. Another criterion for selection of penetration modifiers was that some of the selected penetration modifiers such as laurocapram, DMBIS have been known to act as enhancers (4, 5) while rest of the modifiers in the study namely N-0915, DMMCBI and TBDOC are known to have retardant activity (6) (7) (8) . Solvents used in the formulations were water, ethanol, PG, and PEG 400 that are not only commonly used vehicles in dermal formulations, but some are also good penetration modifiers (9) . DEET was chosen as the permeant in the previous study since it is a liquid under ambient conditions and in this way we avoided the added complication of other vehicles and solubility issues. Moreover, DEET has been used as a model permeant in evaluation of numerous skin permeation/retardation studies (10, 11) . Results from permeation studies indicated that laurocapram enhanced DEET permeation in PG, but retarded in PEG 400. Similarly, N-0915 was a retardant of DEET with ethanol and PEG 400, but not with water. DMBIS decreased the permeation with ethanol as compared to permeation with water, PEG 400, or PG. Likewise, DMMCBI showed retardation of DEET with ethanol and PEG 400, but not with water or PG. TBDOC formulations showed retardation with ethanol, but behaved as enhancer with water, PG, and PEG 400. The mean flux values have been summarized in Table I (3) . Suitable controls were performed to determine whether the enhancement/ retardation effect was due to permeant-vehicle effect or permeant-penetration modifier effect (3) .
In order to understand the mechanism by which the properties of enhancers/retardants change in a given vehicle, molecular investigation of SC was performed using differential scanning calorimetry (DSC) and attenuated total reflectionFourier-transform infra-red spectroscopy (ATR-FTIR). Therefore, the objective of this paper was to investigate molecular changes in stratum corneum after treatment with different formulations of laurocapram, N-0915, DMBIS, DMMCBI and TBDOC using the two analytical methods of DSC and ATR-FTIR that provide independent yet complementary information regarding the interaction of enhancer/retardants within the SC (12, 13) . Though there are reports of DEET affecting SC when used as enhancer to increase the permeation of drugs (14) , in our previous study (3) , DEET was merely used as a model permeant to evaluate the permeation effects of penetration modifier formulations. However, in the current study, our main objective was to understand the mechanism of action of laurocapram and iminosulfurane derived penetration modifiers. Therefore, to achieve our objective, we planned experiments in such a way that involved no addition of DEET after application of penetration modifier formulations.
MATERIALS AND METHODS

Materials
Chemicals 3-Dodecanoyloxazolidin-2-one (N-0915), TBDOC were obtained as generous gifts from Dr. James Chapman at the University of South Carolina, Columbia, SC. Laurocapram, DMBIS, DMMCBI were provided by New Jersey Center for Biomaterials (Piscataway, NJ). Propylene glycol, ethanol, trypsin (Type 1) were purchased from Sigma Aldrich and polyethylene glycol 400 (PEG 400), phosphate buffer saline tablets were obtained from Fisher Chemicals. All other chemicals used were of analytical grade.
Skin Membranes
All human skin samples were purchased from New York Fire Fighters Skin Bank (New York) that were surgically removed within 24 h of the time of death of individuals and dermatomed to approximately 250-300 μm. All skin samples obtained were derived from left posterior leg of male and female individuals aged between 30 and 60 years. These skin pieces were stored at −80°C until use, but for no longer than 2 months.
Methods
Preparation of Formulations
The preparation of the penetration modifier formulation was as reported by Kaushik et al. (3) . Briefly, weighed amount of penetration modifiers (laurocapram, N-0915, TBDOC, DMBIS, DMMCBI) were added to one of four vehicles (water, propylene glycol, ethanol, and PEG 400) to prepare 0.4 M solutions or suspensions. The solution/suspension was then vortexed at room temperature for 48 h. In case where suspension was obtained, centrifugation was performed at 8,000 rpm for 5 min to collect the supernatant and filtered supernatant was used as the final formulation for in vitro skin treatment. All formulations used in the study had 0.4 M concentrations of penetration modifiers or were saturated solution of penetration modifiers (with comparable thermodynamic activity). The available amounts of penetration modifiers in each vehicle were as reported by Kaushik et al. (3) . 
Human Stratum Corneum Isolation and Sample Preparation
The SC was separated from the dermis by placing the human cadaver skin sample over a filter paper soaked in 0.1% trypsin (type I, Sigma Aldrich) in phosphate-buffered saline pH 7.4 for 4 h. Epidermal cells were removed from the overlying SC by digestion with trypsin for an additional 1 h. The resulting SC sheets were rinsed with deionized water, dried at room temperature and stored in desiccator overnight. Next day, the SC sheets were mounted on Franz diffusion cell (Permegear, Inc., Bethlehem, PA) set up with their epidermal side up and covered completely with 50 µl of formulations of penetration modifiers prepared in one of the four vehicles for 30 h at 37°C. The penetration modifiers used in the study included laurocapram (1-dodecylazepan-2-one), DMBIS, N-0915, TBDOC, and DMMCBI. The vehicles used in the study included water, propylene glycol, PEG 400, and ethanol. The receptor compartment stirred at 600 rpm contained phosphate-buffered saline at pH 7.4 and was maintained at 37°C using thermostatic water pump (Haake DC10, Karlsruhe, Germany). After 30 h, the SC sheets were removed and excess enhancer/retardant solution present on SC sheets was removed using KimWipes™ (Fisher Scientific, PA). All experiments were performed in triplicate at 37±2°C. SC sheets were then subjected to DSC or ATR-FTIR analysis. Suitable controls experiments were also performed that included untreated SC, treatment with laurocapram alone, water alone, propylene glycol alone, ethanol alone, and PEG 400 alone. Among all the penetration modifiers tested, laurocapram was the only one that existed in liquid state; therefore it was used as one of the controls while comparing laurocapram containing formulations.
Differential Scanning Calorimetry (DSC)
For DSC, approximately 10-20 mg of stratum corneum sheets (treated or untreated) were cut in form of disks and placed in 40-µl aluminum standard pans. Thermal analysis was performed using a STARe/Thermal Analysis System (Mettler-Toledo, Gießen, Germany, DSC 821/822, Intracooler, Gas Switch, 200 W, FRS-5 sensor). All samples were analyzed between 5 and 160°C at 10°C/min heating rate under nitrogen flow.
The mean transition temperatures (T m ) and their corresponding enthalpies were noted and results were evaluated statistically using one-way ANOVA through Minitab software (State College, PA). Tukey HSD test at 95% confidence interval was used to compare the results. The results obtained from the DSC study were correlated with those obtained from in vitro permeation findings from our previous study (3) .
Attenuated Total Reflectance Fourier-Transform Infra-Red Spectroscopy FTIR spectra were recorded with a Bruker Equinox 55 spectrometer (100 scans; 4 cm −1 resolution), equipped with an attenuated total reflection diamond crystal accessory (Pike Technologies, Madison, WI). Spectra were acquired at a resolution of 4 cm −1 and the measurement range was 4,000-650 cm −1 . All spectra (100 scans) were collected after baseline correction. The spectrometer was linked to a PC equipped with Bruker OPUS software to allow the automated collection of IR spectra. The IR spectra were imported to KnowItAll® informatics system (Bio-Rad Lab., USA) for peak area integration. All measurements were performed at ambient temperature, 25±2°C. Like DSC data, findings obtained from ATR-FTIR study were correlated with results from in vitro permeation from our previous study (3) .
RESULTS
DSC Analysis
Three endothermic transition peaks at temperatures around 59-63°C (T m1 ), 75-85°(T m2 ) and 110-120°C (T m3 ) were obtained on DSC analysis of untreated skin. The temperature and enthalpy changes in DSC of human SC after different formulation treatments are listed in Table II and endotherms of human SC from one of the replicates are depicted in Figs. 1a, 2a, 3a , 4a, 5a, and 6a.
FTIR Analysis
The different spectra depicting different band positions and peak intensities after FTIR analysis of untreated human stratum corneum and treated (after application of various penetration modifier-vehicle formulations) stratum corneum are depicted in Figs. 1b, 2b, 3b, 4b , 5b, and 6b.
DISCUSSION
DSC.
Since DSC technique is widely used to investigate the effect of percutaneous penetration enhancers and retardants on the thermotropic behavior of SC (by comparing the endotherms and exotherms for mean transition temperature (T m ) and their enthalpies (H)), it was used to understand the molecular mechanism of each formulation on SC. DSC thermograms of SC treated with various formulations were evaluated by comparing endotherms for ΔT m and their ΔH. The shift in T m of both T m1 and T m2 to lower temperature is interpreted as disruption of the lipid bilayer while reduction in ΔH is ascribed to fluidization of lipid bilayers (13, 15, 16) . DSC of the stratum corneum membrane sheet produced three endothermic transition peaks at temperatures around 59-63°C (T m1 ), 75-82°C (T m2 ) and 99.5-120°C (T m3 ). Three replicates were performed with human cadaver skin obtained from three different individuals; therefore some variability was obtained in the position of three transitions. The temperature transitions and enthalpy changes after several treatments are provided in Table II . We did not observe a commonly reported low transition temperature peak (at 35-40°C) (17) because our SC samples were desiccated before DSC analysis and 15% moisture content is required for observation of low temperature transition (18) . Moreover, Golden et al. (16) attributed the variable nature of the endothermic transition at 35-40°C to sebaceous lipids that are not tightly bound with the SC surface and have little influence on the ordering of the SC. T m1 corresponds to the lipid transformation from a lamellar to disordered state. Similarly, T m2 is thought to be due to the melting of lipidprotein (keratin) complex that transitions from a gel to a liquid form during DSC analysis (19) . T m3 is known to occur due to the irreversible denaturation of proteins in the SC (20) . DSC was also performed on suitable controls that included SC treated with the following different treatments: water, PG, ethanol, PEG 400, and laurocapram. The DSC data of stratum corneum treated with water showed lowering of mean transition temperature transitions and lowering of heat of enthalpy suggesting enhancement of the active by water, by SC lipid disruption, and by extraction. This observation also implies that water causes transdermal enhancement either by expanding the polar head groups of SC lipid bilayer or by squeezing and distorting the lipid bilayer by swelling/engorgement of the corneocytes (9) . However, these explanations of water enhancement are contradicted by studies performed on hydrated SC using Xray diffractometry (21) and freeze fracture electron microscopy (22) that reported neither expansion of lipid bilayer, nor distortion of lipid bilayer in hydrated skin. At the same time, Menon et al. (23) proposed an aqueous pore pathway for the diffusion of actives across the skin under high stress conditions such as excessive hydration. According to this theory, under conditions such as excessive hydration, preexisting scattered lacunae embedded in the lipid bilayer expand and form continuous water channels that facilitate diffusion of both hydrophilic and lipophilic permeants. This may also suggest that formation of these aqueous pathways disrupt the surrounding lipid bilayer as shown by change in transition temperatures and enthalpy seen in our DSC results. PG is thought to cause enhancement predominantly by disturbance of lipid-protein complex and the interaction with lipids shown by lowering of T m1 (p<0.05) and T m2 (p<0.05). Like PG, the thermal analysis of ethanol-treated SC suggested enhancement is mainly due to disturbance of SC lipid-protein complex and SC lipid interactions. In case of PEG 400, thermal analysis showed increase in first and second transition temperatures and increase of enthalpy indicating the strengthening of SC lipids organization and SC lipid-protein complex after treatment with PEG 400. This observation explains the retardation of DEET permeation after PEG 400 treatment (3). The treatment of SC with laurocapram alone led to complete extraction of lipid at T m1 and T m3 with significant lowering of endothermic transition at T m2 . All these observations suggest enhancement by laurocapram via both lipid disruption in addition to protein and lipid extraction. This finding is corroborated by results reported by Ogiso et al. (24) .
Laurocapram Formulations. DSC analysis of SC treated with laurocapram-water showed disappearance of T m1 and T m2 transitions and significant lowering of the temperature 
Merger of T m1 and T m2 at 70°C As with PG, the DSC results suggested enhancement of active after treatment with laurocapram-ethanol formulation was due to lipid extraction, lipid and protein extraction shown by significant lowering of temperature at T m1 and T m3 transitions (except T m2 ) (p<0.05) and ΔH. One interesting feature that was observed in DSC thermogram on application of laurocapram-ethanol formulation was that there was elevation at T m2 transition. Ethanol, when incorporated with other enhancers such, has 0.25% oleic acid has shown similar behavior of elevation in transition temperature in DSC experiments. Studies performed by Francoeur et al. (26) showed elevation in second lipid endotherm in porcine SC after treatment by 0.25% v/v oleic acid formulations prepared in 0-70% ethanol-water vehicles. However, the reason for this phenomenon is not known. In our study, though the laurocapram-ethanol formulation had 88% of ethanol, never- In laurocapram-PEG 400 formulation, DSC data showed decrease in T m1 transition temperature, no change in T m2 and disappearance of T m3 . It seems that laurocapram and PEG 400 in laurocapram-PEG 400 formulation tend to cause opposite effect on SC with laurocapram causing disruption of lipid and proteins in the SC (T m1 and T m3 ) and PEG 400 causing strengthening of lipid-protein complex evident by no change in T m2 . This observation supports the results observed in the in vitro permeation experiment where the laurocapram-PEG 400 formulation retarded the permeation of DEET (3). The in vitro permeation studies comparing flux of DEET in presence of laurocapram-PEG 400 and PEG 400 alone have indicated that incorporation of laurocapram in the formulation increased the flux of DEET as compared to and laurocapram alone showed that DEET permeation in presence of laurocapram was higher than in presence of laurocapram-PEG 400 (3). Nevertheless, other analytical techniques such as confocal Raman spectroscopy (27, 28) , Xray diffractometry (29) , etc., should be investigated in addition to DSC, that would not only measure the extent of permeation of the actives/penetration modifiers across the SC, but also determine the corresponding effect of the formulations (under study) on SC lipids and proteins. This would also help us to establish whether PEG 400 retards the activity of the permeant physically (by forming a barrier layer) or by its interaction with SC lipids and proteins or both. However, in our study, beside DSC, FTIR was also used to understand the mechanism of action of each formulation. DSC results in N-0915-PG treatment showed lowering of T m1 , T m2 , and T m3 . However, results in our previous in vitro permeation study suggested retardation of DEET permeation after N-0915-PG application (3). It seems that N-0915-PG retardation cannot be explained using DSC and alternate approach such as FTIR was performed.
In N-0915-ethanol treatment, flux determination of DEET indicated retardation of DEET as compared to control (3), an observation that agrees with our DSC results. N-0915-ethanol formulation seems to cause retardation of active by organization of lipid structure evident by increase in ΔT m1 (p<0.05), strengthening the lipid-protein complex shown by higher shift of T m2 (p<0.05) and organization of proteins to a higher temperature (evident by higher ΔT m3 ). However, lowering of ΔH was seen at most transition temperatures.
Likewise, N-0915-PEG 400 showed retardation of DEET (3) by organization of lipids (evident by higher shift in T m1 ) and strengthening of the lipid-protein envelope (suggested by increase in T m2 ) of SC. There was no enthalpy change at all the corresponding transition temperatures.
DMBIS Formulations. DMBIS-water-treated SC showed lowering of shifts at T m1 (p<0.05), T m2 (p<0.05), T m3 (p<0.05) indicating that enhancement is probably caused by lipid disruption and protein interactions. Slight effects of DMBIS-water were seen on lipid extraction as evidenced by insignificant changes in enthalpy of lipids at each transition. DSC results support the enhancement in permeation of DEET in the presence of DMBIS-water (3). DSC analysis of DMBIS-ethanol-treated SC depicted no change in T m1 and T m2 transition but disappearance of T m3 endotherm explaining slight enhancement in DEET permeation after treatment with DMBIS-ethanol in in vitro experiments (3). The enhancement activity by DMBIS-ethanol treatment seems to be due to extraction of proteins.
Like other DMBIS formulations, DMBIS-PEG 400 showed enhancement of DEET permeation (3). However, DSC analysis of DMBIS-PEG 400-treated SC showed higher ΔT at all three temperature transitions. Owing to the inconsistent results from in vitro permeation study and DSC, FTIR analysis was performed to understand the mechanism of action of DMBIS-PEG 400.
DMMCBI Formulations. DMMCBI-water formulation showed lowering of mean transition temperature at T m1 , T m2 , and T m3 with some lowering of enthalpy at T m3 . These results imply enhancement in presence of DMMCBI-water formulation which explains the enhancement of DEET in presence of DMMCBI-water formulation. DMMCBI-water formulation seems to cause enhancement by lipid disruption and protein fluidization.
In DMMCBI-PG, we observed significant lowering of mean transition temperature (p<0.05) at all transitions with lowering of enthalpy as compared to untreated SC at T m2 . These results suggest enhancement by DMMCBI-PG formulation mainly by lipid disruption and partially by lipid and protein fluidization.
Thermal analysis of DMMCBI-ethanol-treated SC showed lowering of transition temperature at T m1 (p>0.05), two peaks at 84°C and 88°C at T m2 with disappearance of T m3 transition. In vitro permeation studies showed significant retardation in presence of DMMCBI-ethanol (p<0.05) (3) suggesting retardation action of DMMCBI-ethanol formulation by interaction at lipid-protein complex.
In vitro permeation studies of DEET in presence of DMMCBI-PEG 400 indicated slight retardation of the permeant (3). However, DSC analysis of SC treated with DMMCBI-PEG 400 showed significant increase in temperature shifts at T m1 , T m2 and disappearance of peak at T m3 . This suggests organization of lipid structure as well as strengthening of lipid-protein complex in presence of DMMCBI-PEG 400.
TBDOC Formulations. In TBDOC-water-treated SC, DSC showed lowering of T m1 and T m2 (p<0.05) with absence of T m3 transition. At the same time, in vitro flux determination of DEET in presence of TBDOC-water formulation showed a twofold increase in flux as compared to no treatment (3). The enhancement of DEET in presence of TBDOC-water seems to be due to disruption of the lipid with little effect on lipid fluidization.
TBDOC-PG application on human cadaver skin led to fivefold increase in DEET flux (3). DSC analysis of SC treated with TBDOC-PG showed merger of T m1 and T m2 transition at 70°C and disappearance of peak at T m3 . These results suggest enhancement in presence of TBDOC-PG was caused by disruption of the lipid-protein complex with fluidization and extraction of certain SC lipids and proteins.
Analysis of TBDOC-ethanol formulation showed significant increase (p<0.05) in shifts at T m1 , T m2 , and T m3 indicating strengthening of SC lipid bilayer suggesting the role of TBDOC in the ethanol formulation as a retardant. This finding is corroborated by in vitro permeation study where significant retardation of DEET was observed in the TBDOC-ethanol formulation.
In TBDOC-PEG 400-treated SC, no change was obtained in temperature transitions at T m1 and T m2 . However, decrease in ΔH at T m2 and disappearance of endotherm at T m3 suggested enhancement by extraction of SC lipid-protein complex and SC protein extraction suggesting. The in vitro permeation study indicated twofold enhancement in flux of DEET after TBDOC-PEG 400 formulation (3).
It appeared that enhancement/retardation of formulations under investigation could not be explained by DSC alone in certain cases, therefore SC treated with all formulations were also assessed by FTIR analysis.
FTIR. The FTIR analysis of SC provides bands at different wavenumbers, which are attributed to lipid and protein molecular vibrations in the SC (30, 31) . In our study, untreated human SC showed bands at 3270.7, 2917.8, 2850.3, 1735.6, 1637, 1538.9, and 1455.9 cm . Among these bands, the signal around 3270 cm −1 represents symmetric H-O-H stretching and overlaps with an amide A band located at 3300 cm −1 position. Generally, the bands observed in range of 3000-3600 cm −1 represent the N-H and O-H stretching from lipid, protein, and water. The prominent peaks obtained near 2920 and 2850 cm −1 represented respectively asymmetric and symmetric stretching modes of the terminal methylene groups of the lipids (ceramides, phospholipids, etc.) that provided specific information about the interior composition of the lipid bilayer. The ceramides along with cholesterol, fatty acids, cholesterol esters, and cholesterol sulfate constitute the multiple lipid lamellae that impart barrier properties to SC. The SC also contains corneocytes that contain keratin. The band positions for symmetric and asymmetric peak stretching represent trans form (stable form); change in the band position from trans to gauche conformation indicates the fluidization of the lipid bilayer (32) . A small band obtained at 1738 cm −1 position represented lipid ester carbonyl stretching in the SC. Spectral deconvolution techniques have shown that the band shape at 1738 cm −1 can be simulated with two band components at 1740 and 1710 cm −1 with the former, indicating the presence of carbonyl moiety as in triglycerides/ phospholipids and the latter suggesting the presence of carbonyl group of fatty acids (33, 34) . The bands observed near 1637 and 1550 cm −1 represented amide 1 (C═O stretching) and amide 2 (C-N stretching) linkages of the helical secondary structure found in epidermal keratin (35) . Besides absorbance due to protein structure, amide linkages in ceramides and other related components in the SC also contribute to amide 1 band (36, 37) . However, the presence of protein contributes more to the appearance of signal at this band position. Along with amide 1 band, another peak is reported around 1645 . Triclinic chain packing is known to give a single band ∼1473 cm −1 (38) .
In our study, SC sheets were treated with various formulations of penetration modifiers for a period of 30 h at 37°C followed by spectral analysis by ATR-FTIR. Spectral analysis involved examination of change in peak positions and their intensities at around 3270.7, 2917.8, 2850.3, 1735.6, 1637, 1538.9, and 1455.9 cm −1 with respect to the control (untreated) SC (Fig. 1b) . The spectral data were used to understand the enhancement/retardation mechanism of the penetration modifiers (laurocapram, N-0915, DMBIS, DMMCBI, and TBDOC) formulated in commonly used vehicles (water, PG, ethanol, and PEG 400). The rationale for use of FTIR technique to understand mechanism of penetration modifier was that the treatment with enhancers/retardants, sometimes yield a shift in specific band position to higher or lower wavenumber or lead to change in the intensity of the signal observed at that band position. If the shift is to higher wavenumber (blue shift) it signifies SC membrane (lipid bilayer) fluidization that in turn leads to disruption of the barrier properties that thereby causes enhancement of the permeation of the active across the SC (39, 40) . On the other hand, a shift to lower wavenumber (red shift) indicates reorientation of lipid groups leading to strengthening of the SC barrier properties and therefore leads to retardation of the entry of permeant across the skin (41, 42) . If the penetration modifier acts by affecting lipoidal pathway, the phase transition of the lipids is represented by increase/decrease in the band position (wavenumber) of the signals at 2920, 2850, and 1738 cm −1 . Similarly, when penetration modifiers affect the ceramides of the SC at the amide 1 signal, a decrease in wavenumber (red shift) is indicative of strong H-bonding with the ceramide 2 molecules (43) (44) (45) . On the other hand, an increase in the wavenumber at 1537 cm −1 position (blue shift) is indicative of strong hydrogen bonding interactions within the stratum corneum ceramides (44) . The change in protein conformation is also reflected by splitting of amide 1 linkage where there is change from alpha helix secondary structure to beta helix structure of keratin and vice versa (36) .
Since the height or area of the bands represents the amount of lipids/proteins in the SC, any change in the peak intensity suggests the extraction or strengthening of the lipid present in the SC. The treatment with penetration modifiers may lead to extraction of the membrane lipids from the SC as in the case of enhancers, or might increase the intensity at particular band representing retardation in the case of retardants.
Laurocapram Formulations. The spectral analysis of laurocapram-water-treated SC suggests that water component of the formulation caused enhancement by increased water partitioning into the hydrated keratin fibrils of SC (evident by 3270 and 1637 cm −1 blue shifts) and laurocapram contributed to the phase transition of the ceramides of the SC (blue shift at 1637 cm −1 ) (44). We observed that laurocapram alone actually caused shift in the wavenumber of the symmetric (2917.8 cm
) and the asymmetric (2850 cm −1 ) bands (32), but there was no effect of on these bands in the laurocapram-water formulation. The results suggest that laurocapram alone caused enhancement via lipid fluidization and lipid extraction indicated by a marked decrease in lipid content in SC at all bands shown by blue shifts observed at certain frequencies. These spectral results explain the fourfold flux enhancement of DEET in presence of laurocapram-water formulation (3).
The spectra of laurocapram-PG-treated SC suggests that PG present in laurocapram-PG formulation contributes to enhancement by changing the conformation of proteins (formation of distorted beta structures) or lipids (breaking of H-bonds of the ceramides) of the SC (44) . Moreover, laurocapram causes phase transition of the lipids (46) . There was significant decrease in peak height at 3270, 2917, 2850, 1538 cm −1 in the laurocapram-PG formulation, suggesting lipid extraction by the laurocapram-PG. These observations also support synergistic effects of PG and laurocapram combinations in disturbing the SC barrier properties and thereby causing enhancement of the active. This phenomenon has been reported by other researchers (25) .
The ethanol in the laurocapram-ethanol formulation contributed to enhancement mainly by SC lipid extraction, whereas laurocapram present in the formulation caused enhancement by SC lipid extraction, lipid phase transition and fluidization. Ethanol-alone treatment, on spectral analysis, showed a red shift at 2850 cm −1 suggesting lipid ordering effect of the solvent that is consistent with observations by Bommannan et al. (47) and other researchers in both in vitro and in vivo experiments (47, 48) . This evidence of lipid ordering in presence of ethanol on spectral analysis is contradictory to our DSC result where ethanol-treated SC showed lowering of transition temperature suggesting enhancement by affecting the SC lipids. Like our FTIR results (47, 48) , DSC results were also consistent with numerous reports that involved DSC of ethanol-treated SC (42, 49) . It seems that affect observed on SC lipids in our DSC experiments (that involved lowering of transition temperature) was due to extraction of lipids from the bilayer. At the same time, it appears that in spite of the extraction of lipids, there was no change in the mobility or conformation of lipid which was evident by the red shift seen in the IR spectrum of ethanol-treated SC. Therefore, the enhancement of DEET that was observed in our previous study (3) following ethanol treatment was probably due to extraction of lipids present in the SC.
Laurocapram-PEG 400 formulation showed blue shift at 2917 cm −1 , 2850 cm
, and 1735.6 cm −1 band positions on spectral analysis. These band shifts suggest enhancement of permeant as opposed to the retardation of DEET observed in our in vitro permeation studies. No change in band intensity or band position was observed at any other band position. This observation is not consistent with our DSC data that suggested retardation of the permeant after treatment with laurocapram-PEG 400 formulation. This emphasizes the need for use of additional analytical techniques that will not only determine penetration modifier uptake, but also the interactions with SC lipids and proteins. The retardation of DEET in presence of laurocapram-PEG 400 was presumably due to the fact that laurocapram-PEG 400 prevented the partitioning of DEET into the skin resulting in reduced permeation. Wotton et al. made a similar observation, a test solution of 1% laurocapram and 18% PEG 400 decreased the permeation of metronidazole across the SC (50) .
N-0915 Formulations. The spectral analysis of N-0915-water-treated SC (Fig. 3b) , suggest enhancement may be due to increased partitioning of water from the N-0915 formulation into the SC with formation of aqueous pores (23) in the SC affecting the alpha helical keratin structure along with lipid interactions (ceramides/triglycerides) shown by a band shift at 1641 cm −1 (44) . This is suggestive of increased enhancement of DEET in vitro permeation in presence of N-0915-water formulation (3) .
In N-0915-PG-treated SC, a blue shift was observed at 1735 cm −1 band position with marked increment in the peak intensity representing the increase organization of triglycerides molecules or other lipid components (31, 35) present in the SC. The increase in peak intensity was due to the presence of N-0915 in the formulation since the increase was absent in the spectrum obtained from PG-alone-treated SC. The blue shift in the amide 2 band suggests the formation of a strong H-bond within the ceramide molecules (44) , and hence strengthening of the barrier function of SC. The spectral changes observed are in agreement with retardation of DEET observed in presence of N-0915-PG in the in vitro permeation experiment (3). Moreover, ATR-FTIR technique proves to be a suitable alternative as compared to DSC to explain the mechanism of surface modification of SC by enhancers/ retardants.
In N-0915-ethanol, SC spectral analysis showed a red shift at 3270 cm −1 position with no change in peak intensity at this position. The red shift indicates possible dehydration of SC. Also N-0915-ethanol-treated SC showed two intense bands at 1724 and 1764 cm −1 suggesting reorganization of the head groups of triglycerides or ceramides in the SC to form a tighter structure (51) . Furthermore, in comparison to 1736 cm −1 band, a relative red shift was observed at 1724 cm −1 indicating formation of strong hydrogen bonds within the lipid molecules. Band splitting at 1637 and 1538 cm −1 was also observed that may be due to interlamellar vibrational coupling between amide groups of ceramide 2 molecules of the SC (43). Moreover, reduced peak intensity at 2850 cm −1 was observed that may be related to extraction of lipid due to presence of ethanol in the formulation. It appears that the dehydration effect (52), along with the organization of SC lipids following application of N-0915-ethanol caused more impact than lipid extraction, an effect that ultimately led to the retardation action of the formulation. Levang reported that dehydration causes keratins of the SC to shrink, which ultimately decreases skin permeability (53) . Thus, the above spectral changes in the SC support the retardation action observed in our study of N-0915-ethanol.
Similar to the N-0915-ethanol and N-0915-PG formulations, spectral analysis of SC in presence of N-0915-PEG 400 showed an intense peak at 1760 and 1787 cm −1 representing a possible increase in lipid content (35) . On the other hand, a blue shift was observed at 1637 cm −1 after N-0915-PEG 400 suggesting the weakening of the hydrogen bonds between the amide linkages of the ceramides. No other change in peak intensity or band shift was observed. Despite of the weakening of H-bonds at amide 1 linkage, it seems the appearance of two peaks near the 1735 cm −1 band (51) after N-0915-PEG 400 treatment were due to the retardation effect on SC.
DMBIS Formulations. The spectral analysis of DMBISwater formulation (Fig. 4b) showed blue shifts at 3270 and 2917 cm −1 indicating lipid bilayer fluidization, increased SC hydration and lipid extraction by DMBIS treatment. Splitting of peaks around 1637 cm −1 was observed indicating change in protein conformation (formation of beta pleated sheets) that suggested permeation enhancement. At the same time, the blue shift at 1538 cm −1 suggested formation of strong Hbonds at the amide 2 band. The mechanism of action of DMBIS is similar to that of dimethyl sulfoxide (DMSO) (54) . DMBIS initially binds to the free water from the formulation and if there is not sufficient free water present in the surroundings, it is thought to remove the protein-bound water molecules. As a result, structural changes occur in the SC proteins (evident by band splitting at amide 1 linkage and blue shift at amide 2 band) in order to improve intermolecular hydrogen bonding to compensate for the water loss. Like DMSO, the removal of protein-bound water is the reason for enhancement of the permeant in the presence of DMBIS-water formulation (55) .
The infra-red spectrum of DMBIS-PG-treated SC showed a red shift around 3,270 and 1538 cm −1 . The red shift at 3270 cm −1 is because of removal of water by DMBIS (as described earlier) and shift at 1538 cm −1 is indicative of weakening of hydrogen bonds at the amide linkage. Also, the red shifts at the above band positions were accompanied by decrease in peak height, suggesting protein and lipid extraction. On the other hand, a significant blue shift occurred at 1637 cm −1 that indicated the enhancement action via weakening of H-bonds among the protein/ ceramide molecules. The shifts at 1538 and 1637 cm −1 may also be due to the interaction of DMBIS-PG with skin proteins (36, 54) . Since the DMBIS-PG formulation contained no water, DMBIS removed SC protein-bound water leading to significant structural changes in the protein structure and therefore led to enhancement of the permeant. No other change in peak shifts or intensity was observed. All the above data suggest enhancement in presence of DMBIS-PG. Our results corroborate results of mechanistic testing performed by Song using confocal Raman microscopy technique, where significant interactions of DMBIS-PG formulation were observed at amide 1 linkage (54) .
The FTIR analysis of SC after DMBIS-ethanol formulation application showed a red band shift at 3270 cm −1 . At the same band positions, a decrease in intensities of the signals was observed suggesting lipid extraction. At the same time, significant band splitting was observed at positions 1637 and 1538 cm −1 with significant decrease in corresponding signal intensities that suggests enhancement via protein or lipid interactions, or both. The mechanism of enhancement of permeant followed by application of DMBIS-ethanol formulation (like other DMBIS-containing formulations) was due to removal of SC protein-bound water (55) , which increased in the presence of ethanol in the formulation (evident by significant band splitting at amide 1 and amide linkages). Other bands did not indicate any shift or change in signal intensity.
The DMBIS-PEG 400 formulation when applied to SC showed red shift at 3270 cm −1 (observed in most DMBIS formulation due to removal of water from SC) with reduced peak intensity at the signal. At the same time, the DMBIS-PEG 400 formulation showed blue shifts at 1735 and 1637 cm −1 accompanied by decrease in peak intensity. In addition, splitting of amide 2 linkage was observed. All these observations suggest enhancement in presence of DMBIS-PEG 400 (also seen in in vitro permeation of DEET) by structural change in protein structure due to loss of water from SC protein (56) . DMMCBI Formulations. Unlike DMBIS, DMMCBI do not possess similarity to DMSO in modification of SC. The FTIR analysis of SC following DMMCBI-water application (Fig. 5b) showed a blue shift at band positions of 3270 and 1637 cm −1 and a red shift at 1735 cm −1 position. The in vitro permeation of DEET after application of DMMCBI-water showed enhancement as compared to no treatment but retardation as compared to water alone treatment. It suggests that enhancement is due to presence of water in DMMCBI-water formulation (as evidenced by the blue shift) that leads to formation of an aqueous pathway (23) which indirectly leads to state of disorder in the SC lipid bilayer. The retardation was due to DMMCBI in the formulation (as evidenced by the red shift). The contrasting effect of DMMCBI and water in the formulation led to an insignificant effect on permeation of DEET in the in vitro experiments when comparison of DEET permeation in presence of DMMCBI-water treatment and water alone treatment were performed in our previous study (3) .
In spectral analysis of SC after application of DMMCBI-PG, blue shifts (44) and decrease in peak intensities (35) at different bands explain the enhancement of permeant (DEET) in presence of DMMCBI-PG formulation.
The stratum corneum spectral analysis following treatment with DMMCBI-ethanol formulation showed red shifts at 1735, 1637, 1538, and 1455 cm −1 band positions. This observation (except red shift at 1538 cm −1 ) implies the development of an ordered state within the SC (41) . Also, intense peaks at 1724 and 1779 cm −1 were observed suggesting the formation of H-bonds in the triglycerides in the region. All these changes support the establishment of stable organization of lipids and proteins in the SC, which is further supported by retardation of DEET permeation, as observed in the DMMCBI-ethanol formulation (3). Moreover, a blue shift was observed at symmetric band indicating that retardation activity of DMMCBI-ethanol formulation does not occur through the symmetric methylene stretching of the SC lipids.
When SC treated with DMMCBI-PEG formulation was analyzed by FTIR, a blue shift was observed at 1637 cm −1 and a red shift at 1538 cm −1 (44) . Even though the observed shifts suggest enhancement in presence of DMMCBI-PEG 400 formulation, in vitro permeation studies indicated retardation of DEET. The observed retardation of DEET seemed to be due to PEG 400 in the formulation that acted as a physical barrier preventing the permeation of permeant across the SC.
TBDOC Formulations. The spectral analysis of SC treated with TBDOC-water formulation (Fig. 6b) depicted blue shifts at 3270, 1637 and 1538 cm −1 band positions. Even though the blue shift in case of amide 2 linkage (1518 cm −1 ) is indicative of strong hydrogen bonds in the ceramide molecules; it may be possible that these interactions occurred between the water molecules present in the formulation and ceramide molecules in the stratum corneum leading to fluidization of lipid bilayer of SC. These shifts were also accompanied by decrease in peak heights suggesting that TBDOC-water formulation caused disorder in the stratum corneum along with lipid extraction and interactions with proteins. TBDOC-water formulation might have also led to increased hydration of SC (evident by blue shifts at 3270 and 1637 cm −1 ) that might have created aqueous pore pathways in the SC that facilitated the diffusion of permeant (23) . This hypothesis is supported by the evidence that in vitro permeation enhancement of DEET was observed in presence TBDOC-water.
In spectral analysis of TBDOC-PG-treated SC, the observation of blue shifts at 3270, 2917, 2850 cm −1 suggest enhancement due to disorder in the lipid arrangement by the TBDOC-PG formulation by its impact on alkyl chain organization (32, 44) . The red shift at 1735 cm −1 and blue shift at 1544 cm −1 suggest formation of strong H-bonds (44) that may be due to the presence of TBDOC in the formulation (a potential retardant). There was splitting of band at 1637 cm −1 position to yield peaks at 1639, 1627, and 1691 cm −1 suggesting reorientation (hydrogen bond) of the ceramide head groups with propylene glycol in the formulation leading to loosening of the organization of lipid bilayer. The amide 1 splitting also suggests formation of distorted beta pleated structure of keratin that contributed to enhancement of the permeant in presence of TBDOC-PG.
In spectral analysis of SC treated with TBDOC-ethanol, blue shifts were observed at 2850 and 1544 cm −1 positions along with appearance of peak at 1710 cm −1 (red shift). The blue shift at 1544 cm −1 suggests the formation of strong hydrogen bonds among the ceramides (44). Furthermore, peak splitting at 1637 cm −1 band was also observed. However, there was no shift seen at the 3270 and 2917 cm −1 . The above observation suggests that TBDOC-ethanol formulation act as retardant by its action on amide 2 linkage and lipid ester linkage.
TBDOC-PEG 400 formulation-treated SC showed similar spectral bands like TBDOC-ethanol, except it showed blue shift at 3270 cm −1 (57) leading to its enhancement action due to increased hydration of SC (25) .
The spectral and thermal analysis in this study showed distinct effects on structure and composition of SC that have played a role in affecting flux of DEET in our previous study (3) . However, the residual penetration modifier formulation left on top of the SC influenced DEET permeation and its partitioning into the SC. All formulations were filtered prior to application on the donor skin samples (3).
CONCLUSION
In this study, DSC and IR techniques showed that each penetration modifier formulation caused unique changes in SC lipid organization that in turn led to modification of their inherent enhancer/retardant activity. We observed that penetration modifier formulations that enhanced the permeation of active acted mainly by disruption and fluidization of the lipid bilayer as evidenced by characteristic lowering of mean transition temperature and occurrence of blue shifts at characteristic frequencies with additional decline in peak intensity. On the other hand, thermal and spectral analyses of penetration modifier formulations showing retardation depicted elevated T m2 , certain red shifts and formation of multiple peaks around 1738 cm −1 transition suggesting retardation by strengthening of lipid-protein complex and organization of SC lipids by increased H-bonding. However, thermal and spectral analyses did not reveal the reason for the intensity of enhancement/retardation in presence of each formulation. Though additional analytical techniques such as confocal microscopy, X-ray diffractometry, and freeze fracture microscopy would have conclusively explained mechanism of penetration modifier formulations, our study utilized DSC and FTIR as the analytical techniques to shed at least partial light on the mechanism of action of penetration modifier formulations. The results from this study provided preliminary explanation for the effects of penetration modifier formulations. In vivo studies are being planned to further explain the mechanism of action of the penetration modifier formulations since more investigation is warranted to provide insights for the degree of enhancement or retardation in these complex systems.
